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T cell development depends on the coordinated
interplay between receptor signaling and transcrip-
tional regulation. Through a genetic complementa-
tion screen a transcriptional repressor, NKAP, was
identified. NKAP associated with the histone deace-
tylase HDAC3 and was shown to be part of a DNA-
binding complex, as demonstrated by chromatin
immunoprecipitation. NKAP also associated with
the Notch corepressor complex. The expression of
NKAP during T cell development inversely correlated
with the expression of Notch target genes, implying
that NKAP may modulate Notch-mediated transcrip-
tion. To examine the function of NKAP in T cell devel-
opment, we ablated NKAP by Lckcre. Loss of NKAP
blocked development of ab but not gd T cells, and
Nkapfl/oLckcre DP T cells expressed 8- to 20-fold
higher amounts of Hes1, Deltex1, and CD25 mRNA.
Thus, NKAP functions as a transcriptional repressor,
acting on Notch target genes, and is required for ab
T cell development.
INTRODUCTION
T cells develop in the thymus through a series of tightly regulated
steps, whereby uncommitted progenitors become restricted to
the T cell pathway, rearrange a functional T cell receptor (TCR),
and undergo positive and negative selection on the basis of their
TCR specificity (Taghon and Rothenberg, 2008). During this
process, signals emanating from cell-surface receptors lead to
alterations in gene expression. Loss of any of the components
of these pathways results in arrested development. One of the
critical checkpoints encountered by developing T cells is the
double-negative 3 (DN3, linc-KitCD25+) to double-positive
(DP, CD4+CD8+) transition, also known as the b-selection check-
point. At the DN3 stage of ab T cell development, a successfully
rearranged TCRb chain pairs with the pre-TCRa chain and is ex-
pressed on the cell surface, producing a signal that leads to
increased proliferation, expression of CD4 and CD8 on the cell
surface, and subsequent rearrangement of the TCRa chain.
Failure to productively rearrange TCRb or to transmit pre-TCR696 Immunity 30, 696–707, May 22, 2009 ª2009 Elsevier Inc.signals (such as in the absence of the Lck kinase or the adaptor
protein SLP-76) leads to developmental arrest at the DN3 stage.
Although pre-TCR signaling is necessary for progression
through the b-selection checkpoint, it is not sufficient for T cell
development to progress. Signals through Notch are also
required. Notch comprises a family (Notch 1–4 in mammals) of
transmembrane receptors (Kadesch, 2004 and Maillard et al.,
2005). Upon interaction with a ligand (members of the Delta-
like and Jagged families), two separate proteolytic cleavage
events liberate the cytoplasmic tail of Notch (intracellular Notch,
or ICN), which translocates to the nucleus. ICN displaces a core-
pressor complex from the ubiquitously expressed transcription
factor CSL [CBF1-Su(H)-LAG-1, also known as RBP-Jk]. The
corepressor complex functions, in part, through histone deace-
tylase (HDAC) recruitment, resulting in an altered chromatin
structure that is not amenable to active transcription. When
ICN associates with CSL, it recruits the histone acetyltrans-
ferases GCN4 and PCAF, which results in chromatin remodel-
ing. ICN also recruits transcriptional coactivators, including
members of the mastermind-like family (MAML-1, MAML-2,
and MAML-3), thereby allowing for Notch target gene expres-
sion. Conditional loss of Notch1 with Lckcre transgenics, or inhi-
bition of Notch signaling with an inducible dominant-negative
MAML-1, results in arrest of T cell development at the DN3-to-
DP transition (Maillard et al., 2006; Wolfer et al., 2002).
Signaling through the pre-TCR and Notch leads to epigenetic
changes and alterations in transcription, which also play a critical
role in T cell development. In particular, transcriptional corepres-
sors and chromatin modifiers are also required at the DN3-to-DP
transition. Mice deficient in the common components of core-
pressor complexes, NCoR and mSin3a, arrest T cell develop-
ment at the DN3 stage (Cowley et al., 2005; Jepsen et al.,
2000). Conditional deletion of Brg1, the ATPase subunit of the
SWI-SNF chromatin-remodeling complexes, during T cell devel-
opment (with Lckcre) also results in a block at the DN3 stage
(Gebuhr et al., 2003). Similarly, loss of Mi-2b, a component of
the NuRD chromatin-remodeling complex, also leads to a block
at the DN3-to-DP transition (Williams et al., 2004). DNA methyl-
ation is associated with repressed transcription, and loss of
the DNA methyltransferase Dnmt1 with Lckcre also disrupts
T cell development at the DN3 stage (Lee et al., 2001). Therefore,
T cell development past the b-selection checkpoint requires pre-
TCR and Notch signaling, as well as epigenetic chromatin alter-
ations, to proceed to the DP stage.
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Cell Activation Defect by NKAP
(A) Wild-type Jurkat T cells, J.REM 474, LI474-59,
MIRR, or MIRR NKAP-transduced J.REM474 cells
were transfected with an RE-AP luciferase
reporter. The next day, cells were left unstimulated
or stimulated with anti-TCR and anti-CD28.
Results are shown as the fold activation of stimu-
lated relative to unstimulated controls (=1). Error
bars represent SEM from three independent trans-
fections.
(B) RNA was generated from wild-type Jurkat,
J.REM 474, and LI474-59 cell lines and analyzed
by Q-PCR for NKAP mRNA expression. Error
bars are standard deviation from the mean from
triplicate samples.Insights into the biochemical basis of TCR signal transduction
arose from the generation and analysis of Jurkat mutant T cell
lines (Abraham andWeiss, 2004). The central role of the signaling
molecules identified in Jurkat T cells was ultimately confirmed
when gene-deleted mice were generated. To gain a greater
understanding of the pathways that regulate T cell function, we
performed a genetic complementation screen by using a retro-
viral cDNA library to rescue the defect in a Jurkat T cell mutant
cell line. Using this approach, we isolated a transcriptional
repressor previously described as nuclear factor k-light-chain
enhancer of activated B cells (NF-kB) activating protein (NKAP)
and demonstrate that NKAP regulates the Notch signaling
pathway in vivo and is required for T cell development.
RESULTS
Genetic Complementation of a Jurkat Signaling Mutant
Cell Line by NKAP
Previously, we generated a panel of Jurkat T cell mutant cell lines
(the J.REMs) that fail to upregulate a GFP reporter under the
control of the CD28 Response Element-AP-1 (RE-AP) element
from the IL-2 promoter upon TCR activation (Shapiro et al.,
1997; Greene and Shapiro, 2003). We were unable to identify
the molecular defect in any of these cell lines with a candidate
approach, examining expression of known genes shown to func-
tion downstream of TCR and CD28. Consequently, we initiated
a genetic complementation screen to rescue the defect and
identify regulators of T cell function. Using a retroviral leukocyte
cDNA library (Clontech), we transduced one of the J.REMmutant
cell lines (#474) and screened for clones in which the upregula-
tion of the RE-AP GFP reporter was restored. One appropriate
clone was identified from the initial screen, LI474-59 (‘‘Library In-
fected J.REM 474—clone 59, Figure 1A). Using PCR primers
flanking the site of cDNA insertion in the retrovirus, we deter-
mined that the integrated retrovirus contained the entire coding
region (in the correct orientation for expression) of NKAP (Chen
et al., 2003). To verify that NKAP was responsible for the reversal
of the T cell activation defect, we generated aMIRR-NKAP retro-
virus and used it to reinfect the original J.REM cell line. RE-AP
activation was restored upon infection with MIRR-NKAP retro-
virus, and not with an empty MIRR retrovirus (Figure 1A). To
determine whether NKAP deficiency was the cause of the
molecular defect in the J.REM cell line, NKAP expression was
examined. Using Q-PCR, we determined that NKAP mRNAexpression was equivalent between the parental Jurkat cell line
and J.REM474 (Figure 1B). Additionally, sequencing of the entire
NKAP mRNA coding region in J.REM 474 by RT-PCR did not
reveal any mutations (data not shown). Therefore, alterations in
NKAP are not responsible for the defect in the J.REM 474 cell
line, and ectopic overexpression of NKAP in LI474-59
(Figure 1B) must compensate for a defect in a different gene in
J.REM 474.
NKAP is a 415 amino acid, widely expressed nuclear protein
that is highly conserved from fly to human, with no known func-
tional domains (Chen et al., 2003). Overexpression of NKAP in
293 cells enhanced NF-kB reporter activity 3-fold, although
having minimal effect on the activation of an AP-1 reporter,
leading to the conclusion that it is involved in NF-kB activation
(Chen et al., 2003). Because the RE-AP reporter contains an NF-
kBsite, increasedactivationofNF-kBbyNKAPcouldconceivably
rescue the T cell activation defect in J.REM 474. To test this
hypothesis, we stimulated J.REM 474 and the rescued LI474-59
cell lines through TCRandCD28 and examinedNF-kBactivation.
However, no differences were observed in either the timing or
extent of signaling events downstream of TCR and CD28 leading
to NF-kB activation. Specifically, TCR andCD28-mediated phos-
phorylation of Akt (S473 and T308), IKKa, IKKb, and IkBa were
unaltered (Figure S1A available online). In addition, no enhance-
ment of the activation of an NF-kB reporter was observed in the
LI474-59 cell line compared to the J.REM 474 cell line
(Figure S1B). Because no differences were observed in NF-kB
activation between J.REM 474 and LI474-59, we considered
that NKAP may have functions outside of the NF-kB pathway.
NKAP Interacts with CIR, a Component of the Notch
Corepressor Complex
NKAP is evolutionarily conserved, and NKAP orthologs have
been isolated in genetic screens in both Drosophila and C. ele-
gans, although the function of NKAP in either of these organisms
is uncharacterized. In Drosophila, a large-scale yeast two-hybrid
screen was performed so that a proteome-wide protein interac-
tion map could be defined (Giot et al., 2003), and three potential
binding partners for CG6066 (the Drosophila NKAP ortholog)
were found. Two of these potential binding partners are unchar-
acterized. However, a third fly protein, CG6843, is an ortholog of
the humanproteinCBF1-interacting corepressor (CIR), a compo-
nent of the Notch corepressor complex (Hsieh et al., 1999). This
suggested that NKAPmay also be part of the Notch corepressorImmunity 30, 696–707, May 22, 2009 ª2009 Elsevier Inc. 697
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Figure 2. Association and Colocalization of NKAP with CIR
(A) 293T cells were transfected with YFP or YFP-NKAP expression plasmids,
with empty vectors, myc-CIR, or myc-CSL. The next day, cell extracts were
generated and subject to immunoprecipitation with anti-GFP. Samples of
extracts (WCE) and immunoprecipitates (IP) were analyzed by immunoblotting
with either anti-myc to examine CIR and CSL coprecipitation or anti-GFP for
immunoprecipitation assessment. Secondary antibody crossreactivity to the
immunoglobulin heavy chain (IgH) used in IP is denoted in the figure.
(B) NIH 3T3 cells were transfected with either YFP or YFP-NKAP, in addition to
myc-CIR expression plasmids. The next day, cells were fixed, permeabilized,698 Immunity 30, 696–707, May 22, 2009 ª2009 Elsevier Inc.complex, through an association with CIR. Notch signaling regu-
lates many aspects of T cell development, activation, and
effector function, including IL-2 expression (reviewed in Maillard
et al., 2005). Because our complementation screen centered on
transcriptional regulation of the IL-2 gene, the isolation of Notch
regulators was possible. Additional evidence that NKAP func-
tions as a negative regulator of Notch signaling arises from
a C. elegans genetic screen to identify genes that modify vulval
development (Poulin et al., 2005). Within vulval precursors,
signals through Ras and Notch antagonize each other, causing
differential cell fates (Sundaram, 2004). In general, mutations
that decrease Ras signaling or increase Notch signaling result
in a ‘‘multivulval’’ phenotype. A genome-wide RNAi screen
identified genes that could synergize with lin-15 to produce
a multivulval fate (Poulin et al., 2005). One of the genes was
the C. elegans ortholog of NKAP, E01A2.4. Given that knock-
down of a negative regulator of Notch would be expected to
produce a multivulval phenotype, the isolation of NKAP in this
screen is consistent with a role for NKAP in the Notch core-
pressor complex. Thus, genetic evidence from Drosophila and
C. elegans suggest that NKAP may function as a transcriptional
repressor and negative regulator of Notch signaling through the
corepressor complex. To confirm the Drosophila yeast two-
hybrid results demonstrating that NKAP and CIR associate, we
transfected 293T cells with Myc-tagged human CIR, YFP-
tagged human NKAP, or vector controls. CIR coimmunoprecipi-
tatedwith NKAP, but not with YFP (Figure 2A). We also examined
whether NKAP could directly associate with CSL, the transcrip-
tion factor to which the Notch corepressor associates, but no
interaction was found (Figure 2A). In their initial description,
both NKAP and CIR were found to localize to nuclei in a punctate
pattern (Chen et al., 2003; Hsieh et al., 1999). To determine
whether NKAP and CIR colocalize, we transfected NIH 3T3 cells
with YFP or YFP-NKAP expression plasmids, along with Myc-
tagged CIR, and their subcellular localization was analyzed by
fluorescent microscopy. We used DAPI staining to delineate
nuclei. YFP-NKAP and CIR colocalized in a punctate nuclear
pattern, whereas YFP was predominantly cytoplasmic and did
not localize with CIR (Figure 2B). Similar results were observed
in Jurkat T cells (data not shown). Interestingly, ICN and many
Notch regulators including CSL, SKIP, SMRT, and MAML are
also distributed in a punctate nuclear pattern, and CIR has
been previously shown to colocalize with CSL (Hsieh et al.,
1999). Therefore, these data show that NKAP associates with
CIR and may function as part of the Notch corepressor complex.
NKAP Associates Specifically with HDAC3
via Its C-Terminal DUF926 Domain
The function of a corepressor complex is to recruit HDACs, re-
sulting in alterations in chromatin structure and inhibition of tran-
scription. If NKAP functions as a transcriptional repressor, it
would be expected to associate with HDACs. To test this, we co-
transfected YFP-tagged NKAP and Myc-tagged HDAC3 into
293T cells. HDAC3 coimmunoprecipitated with NKAP, but not
with YFP (Figure 3A). This interaction could be either direct or
and stained with rabbit anti-myc. DAPI was used for nuclei delineation. In the
bottom panel, myc and YFP are overlaid. Results are representative of three
independent experiments.
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(A) 293T cells were transfected with YFP or YFP-NKAP expression plasmids, with either an empty vector or full-length myc-HDAC3. A schematic is shown to
illustrate NKAP truncations used. The next day, cell extracts were generated and subject to immunoprecipitation with anti-GFP.We analyzed samples of extracts
(WCE) and immunoprecipitates (IP) by immunoblotting with either anti-myc to examine HDAC3 coprecipitation or anti-GFP to assess immunoprecipitation.
(B) Coimmunoprecipitation experiments were performed as in Figure 3A, and these experiments used YFP-tagged NKAP D3 cotransfected into 293T cells with
myc-tagged HDAC1, HDAC3, and HDAC4.
(C) Coimmunoprecipitation experiments were performed as in Figure 3A, so that the site of NKAP association with myc-tagged CIR could be mapped.
(D) Gal4DBD fusion proteins were generated with full-length CIR, full-length NKAP, or NKAPDD3 and D3 truncations (as outlined in Figure 3A). NIH 3T3 cells were
transfected with 0.1 mg of a Gal3-SV40-luciferase reporter, alone with 0.1 mg of either Gal4DBD alone or Gal4DBD-CIR, Gal4DBD-NKAP, Gal4DBD-NKAPDD3, or
Gal4DBD-NKAP D3 expression plasmids. Results shown are the average of three independent experiments, shown as percent repression compared to the rela-
tive luciferase activity of the reporter transfected with Gal4DBD alone. Error bars are SEM.
(E) Gal4-TK-293T cells were transfected with Gal4DBD, Gal4DBD-NKAP, or an empty vector, and ChIP were performed with anti-Gal4. Input DNA from each
transfection and IP was analyzed for Skp2 promoter genomic sequence. Data shown are from three independent IPs for each sample and is shown as the
percentage of input recovered in the ChIPs. Error bars are SEM.
(F) NIH 3T3 cells were transfectedwith aCSL-luciferase reporter, in the presence or absence of ICN, with YFP, GFP-dnMAML, YFP-NKAP, YFPNKAPD3, or YPF-
NKAPDD3 expression plasmids. The next day, luciferase activity was quantified. Data from triplicate experiments were internally standardized to the amount of
luciferase activity from YFP-transfected alone (=1). Error bars are SEM.Immunity 30, 696–707, May 22, 2009 ª2009 Elsevier Inc. 699
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ciate with HDAC2 (Zhou et al., 2000). To differentiate between
these possibilities, we mapped the sites of interaction of NKAP
with HDAC3 and CIR to determine whether they associate with
distinct regions of NKAP. Because NKAP has no previously char-
acterized domains, the protein was divided approximately into
thirds (D1, D2, and D3), as shown schematically in Figure 3A.
The D1 domain (aa 1–178) contains RSRS (Arg-Ser-Arg-Ser) tet-
rapeptide repeats, which have been previously shown to be
important for nuclear localization to speckles (Hedley et al.,
1995). The D2 domain (aa 179–272) is highly basic, containing
repetitive sequences. The D3 domain (aa 273–415) contains
a ‘‘DUF926’’ (Domain of Unknown Function #926 in the NCBI
Conserved Domain Database). The DUF926 domain is shared
between NKAP and a hypothetical open reading frame on chro-
mosome 6, c6orf194, but the function of this domain in either
protein is unknown. Deletion of the D1 domain (NKAP DD1) did
not alter the ability of NKAP to associate with HDAC3; however,
deletion of the D3 domain (NKAP DD3) completely abrogated
HDAC3 binding (Figure 3A). HDAC3 also associated with the
D3 domain alone, showing that it is both necessary and sufficient
for HDAC3 association. To determine whether this domain could
associate with additional HDACs, we transfected 293T cells with
YFP NKAP D3 andMyc-tagged HDAC1, HDAC3, or HDAC4. The
NKAP D3 domain bound specifically to HDAC3 but not to either
HDAC1 or HDAC4 (Figure 3B). Similar results were found when
full-lengthNKAPwas used (data not shown). In addition, no asso-
ciation was found between NKAP D3 and HDAC2, HDAC5, or
HDAC7 (data not shown). Therefore, the NKAP DUF926 (D3)
domain can mediate an association specifically with HDAC3.
NKAP Associates Independently with CIR and HDAC3
To assess whether NKAP might bind HDAC3 indirectly through
CIR, we also mapped the association of NKAP with CIR by using
the NKAP truncations described above. Deletion of either the D1
domain (NKAP DD1) or the D3 domain (NKAP DD3) did not alter
the ability of NKAP to associate with CIR, implying that CIR asso-
ciates with NKAP through the D2 domain (Figure 3C). Surpris-
ingly, no association of NKAP D2 with CIR was found. This
cannot be attributed to altered subcellular localization, given
that the NKAP D2 domain was found to colocalize to nuclear
speckles with CIR, similar to full-length NKAP (data not shown).
It may be that in isolation, the NKAPD2 domain does not fold into
its normal conformation. However, it is clear that the association
of NKAPwith CIR does not require the DUF926 domain. Because
CIR and HDAC3 bind to different portions of NKAP, the associa-
tion of NKAP with HDAC3 occurs independently of its associa-
tion with CIR.
NKAP Functions as a Transcriptional Repressor
Because NKAP associates with CIR and HDAC3, it may function
directly as a transcriptional repressor. This was tested by exam-
ining the ability of Gal4DBD-NKAP fusion proteins to repress
transcription from a luciferase reporter containing four copies
of a GAL4-binding sequence upstream of the SV40 promoter
enhancer in NIH 3T3 cells. As a positive control, Gal4DBD-CIR
was utilized (Hsieh et al., 1999), resulting in a 50% repression
of reporter activity as compared to Gal4DBD alone (Figure 3D).
Expression of full-length NKAP fused to the Gal4DBD also700 Immunity 30, 696–707, May 22, 2009 ª2009 Elsevier Inc.resulted in a similar amount of transcriptional repression in this
system, demonstrating that NKAP also functions as a transcrip-
tional repressor (Figure 3D, p < 0.01). This repression was
dependent on the HDAC3-binding NKAP D3 domain, because
NKAP-mediated repression was reduced when the domain
was deleted. In addition, the isolated NKAPD3 domain was suffi-
cient for transcriptional repression. Therefore, NKAP, functions
as a transcriptional repressor, with the majority of its repressive
function mapping to the HDAC3-binding DUF926 domain.
NKAP Is Part of a DNA-Binding Complex
If NKAP is a transcriptional repressor, it should be found as part
of a DNA-binding complex. To examine whether NKAP associ-
ates with DNA, we performed chromatin immunoprecipitations
(ChIP). Gal4DBD-NKAP, Gal4DBD, or an empty vector was
transfected into a 293T cell line, in which a Gal4-TK reporter
was stably integrated (Nguyen et al., 2008) and precipitated
with anti-Gal4. Gal4DBD and Gal4DBD-NKAP associated with
the integrated Gal4 reporter to similar extents (data not shown),
demonstrating equivalent precipitation. To examine specific
NKAP association with DNA, we used previously characterized
chIP primers for the Notch binding site in the human Skp2
promoter (Dohda et al., 2007). Gal4DBD-NKAP associated with
the Skp2 promoter (Figure 3E). This was specific to NKAP,
because Skp2 ChIP with Gal4DBD alone was similar to empty-
vector controls (Gal4DBD-NKAP was statistically significantly
increased as compared to these two controls, p < 0.05). Thus,
NKAP functions as a transcriptional repressor and is found asso-
ciated with DNA at a Notch-regulated promoter.
NKAP Is a Repressor of Notch-Mediated Transcription
Because CIR is a component of the Notch corepressor complex,
we next examined whether NKAP overexpression could inhibit
Notch-mediated transcriptional activation. NIH 3T3 cells were
transfected with constitutively active intracellular Notch1 (ICN)
and YFP vector, YFP-NKAP or GFP-dnMAML (dominant-nega-
tive Mastermind-like) with a CSL luciferase reporter. DnMAML
is a potent inhibitor of Notch-mediated transcription (Weng
et al., 2003). Substantial activation of CSL luciferase was
observed upon expression of ICN (Figure 3F). As expected, co-
transfection of GFP-dnMAML inhibited the effects of ICN. NKAP
overexpression similarly inhibited the ICN-mediated transcrip-
tional activation of the CSL luciferase reporter (p < 0.001) and
had minimal effect on CSL reporter activity in the absence of
ICN. In addition, we examined the ability of two NKAP trunca-
tions to inhibit Notch-mediated transcription: NKAP D3, which
contains the HDAC3 binding domain and is required for tran-
scriptional repression, and NKAP DD3, which binds CIR and
could recruit NKAP to the Notch corepressor complex. Neither
of these truncations repressed ICN-mediated upregulation of
the CSL luciferase reporter, demonstrating that neither the
HDAC3-binding nor the CIR-binding activities alone are suffi-
cient for NKAP to function as a repressor of Notch-mediated
transcription (Figure 3F).
Inverse Correlation between NKAP Expression
and Notch Signaling during T Cell Development
To examine the expression of NKAP during T cell development,
we isolated ETP, DN2, DN3, DN4, CD4+CD8+(DP), CD4+ SP, and
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sion by QPCR. There was a dynamic modulation of NKAP
expression, varying by two orders of magnitude between devel-
opment stages (Figure 4). The sharp decline in NKAP at the DN3
stage correlated with the highest expression levels of three
Notch target genes, Deltex-1 (Dtx1), Notch-1, and Notch-3
(Taghon et al., 2006). Therefore, we examined Deltex1 mRNA
gene expression. This analysis demonstrated an inverse rela-
tionship between NKAP and Deltex1 gene expression
throughout T cell development; such a relationship is consistent
with the model that NKAP functions as a transcriptional
repressor and negative regulator of Notch signaling.
NKAP Deficiency Blocks ab T Cell Development
at the DN3 Stage
Because many mice deficient in Notch or its regulators are
embryonic lethal (Maillard et al., 2005), we designed a strategy
for the conditional ablation of NKAP by Lckcre to examine the
role of NKAP in T cell development (Figure 5A). Exons three
and four were floxed with recombineering (Liu et al., 2003), so
that cre-mediated deletion would produce a frameshift resulting
in deletion of both the CIR and HDAC3 binding sites. For these
studies, male mice that contain a single floxed NKAP allele
(Nkapfl/o), as a result of its location on the X chromosome,
were used. Nkapfl/o were bred to Lckcre transgenic mice (Lee
Figure 4. NKAP Expression during T Cell Development Inversely
Correlates with the Expression of the Notch Target Gene Deltex1
ETP (Linc-Kit+CD25), DN2 (linc-Kit+CD25+), DN3 (linc-KitCD25+), DN4
(linc-KitCD25), DP (CD4+CD8+), CD4+, and CD8+ thymocytes were isolated
by flow cytometry. mRNA was generated and examined by quantitative PCR
for NKAP and Dtx1 mRNA expression. The amount of mRNA is normalized
relative to the sorted population with the lowest expression of either NKAP
or Dtx1 (=1). The average mRNA level from triplicate Q-PCRs is indicated
above the bar. Relative NKAP mRNA amounts are shown on a logarithmic
scale, whereas Dtx1 is shown on a linear scale. Error bars are the standard
deviation from the mean from triplicate samples. Data shown are representa-
tive of two experiments.et al., 2001), which subsequently undergo cre-mediated Nkap
excision at as early as the DN2 stage of T cell development.
Nkapfl/oLckcre mice had greatly reduced thymic cellularity;
whereas wild-type mice had on average 83.0 3 106 ± 16.8 3
106 thymocytes, Nkapfl/oLckcre mice had almost 10-fold fewer
thymocytes, 9.87 3 106 ± 4.48 3 106. The majority of Nkapfl/o
Lckcre thymocytes are within the CD4 and CD8 DN gate, with
a disproportionate increase in the DN3 population, indicative of
a block in T cell development at that stage (Figure 5B). The
incomplete block at the DN3 stage could be due to incomplete
deletion of NKAP. To test this, we generated PCR primers that
flank the upstream loxP site in the NKAP locus; upon cre-medi-
ated deletion, one of the primer binding sites would be lost,
thereby allowing for direct quantification of deletion efficiency
by QPCR with (cre-negative) NKAP floxed mice for normaliza-
tion. DN3, DP, and SP thymocytes were isolated from Nkapfl/o
Lckcre mice and analyzed for deletion efficiency. At the DN3
stage, the deletion of NKAP was inefficient, with 50% deletion
observed (Figure 5C). DP and SP thymocytes exhibited 85%–
90% deletion, indicating that the majority of thymocytes that
do develop past the DN3 stage in the Nkapfl/oLckcre have not
escaped deletion altogether, although it remains possible that
loss of NKAP protein expression did not occur until after the
requirement for NKAP at the DN3-to-DP transition. Although
ab T cell development was disrupted, gd T cell development
was not altered in the absence of NKAP (Figures 5D and 5E).
Quantification of the various thymocyte populations (Figure 5D)
demonstrates that the absolute number of cells in the DN and
gd T cell populations are similar between wild-type and Nkapfl/o
Lckcre but that the number of DP, CD4 SP, and CD8 SP thymo-
cytes were severely decreased in the absence of NKAP (p <
0.01 for DP and SP thymocytes). In particular, the absolute
number of Nkapfl/oLckcre DP thymocytes was decreased 96%
as compared to WT DP thymocytes. Therefore, in the absence
of NKAP, there is a block in ab T cell development at the DN3-
to-DP transition, although gd T cells develop in normal numbers.
Loss of NKAP Repression Leads to Increases in Notch
Target Gene Expression
On the basis of our initial biochemical characterization of NKAP
as a transcriptional repressor that inhibits Notch-mediated tran-
scription, it was predicted that Notch target gene expression will
be increased upon NKAP deletion. NKAPwas found to associate
with the Skp2 promoter via ChIP (Figure 3E). As shown in
Figure 5F, Skp2 mRNA QPCR demonstrates that Nkapfl/oLckcre
have significantly higher levels of Skp2mRNA than WT (p <
0.01). In addition, DN4 cells from Nkapfl/oLckcre mice had higher
expression of CD25, which is positively regulated by Notch acti-
vation (Figure 5B). DP, CD4 SP, and CD8 SP thymocytes from
Nkapfl/oLckcre mice also exhibited higher CD25 expression
(Figure 5G), indicating that in the absence of NKAP, the mRNA
expression of additional Notch target genes may be upregu-
lated. To examine this, we sorted DN3, DP, CD4 SP, and CD8
SP by flow cytometry and examined them by QPCR for the
expression of the Notch target genes CD25, Hes1, and Deltex1.
As shown in Figure 6, in DP thymocytes, the expression of CD25
increased 8-fold in the absence of NKAP, the expression of Del-
tex1 increased 10-fold, and the expression of Hes1 increased
20-fold (all p < 0.01). Increases in Notch target gene expressionImmunity 30, 696–707, May 22, 2009 ª2009 Elsevier Inc. 701
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Figure 5. NKAP Is Required for T Cell Development
(A) Schematic of the targeting construct used for generating floxed Nkap mice.
(B) Total thymocytes from WT and Nkapfl/oLckcre mice were examined for surface expression of CD4 and CD8. Lin thymocytes from Nkapfl/oLckcre and WT
control mice were examined for surface expression of c-Kit and CD25.
(C) Genomic DNA from sorted Nkapfl/oLckcre and WT thymocyte populations were examined by Q-PCR for the presence of the floxed NKAP allele, with PCR
primers that flank the upstream loxP site. Within each population, signal from Nkapfl/oLckcre populations were normalized to floxed, cre-negative wild-type pop-
ulations. Error bars are SEM from triplicate samples.
(D) Absolute numbers of total DN, DP, CD4 SP, and CD8 SP cells from WT and Nkapfl/oLckcre mice were calculated. Results shown are the average absolute
numbers, from between three to five Nkapfl/oLckcre and three to five WT mice, at 8–10 weeks of age. Error bars are SEM.
(E) CD4CD8 thymocytes from WT and Nkapfl/oLckcre control mice were examined for surface expression of TCRgd.
(F) DN3 thymocytes fromWT andNkapfl/oLckcremice were isolated by flow cytometry. mRNAwas generated and examined byQ-PCR for Skp2mRNA expression
and normalized in relation to WT Skp2 expression (=1). The data shown are from two WT and two Nkapfl/oLckcre mice, each from independent sorts and inde-
pendent Q-PCR. Error bars are SEM.
(G) Thymocyte populations from WT and Nkapfl/oLckcre mice were analyzed for expression of CD25 as denoted in the figure.were also observed in the CD4 SP and CD8 SP populations as
well (all but Dtx1 expression in CD8 SP T cells were statistically
significant with at least p < 0.01). RIBP expression, which
remains constant throughout T cell development, was examined702 Immunity 30, 696–707, May 22, 2009 ª2009 Elsevier Inc.as a control (Perchonock et al., 2007). Deletion of NKAP did not
alter RIBP expression in DP, CD4 SP, or CD8 SP populations,
demonstrating that loss of NKAP does not generally increase
transcription. The lack of effect on DN3 for Hes1, Deltex1, and
Immunity
Modulation of Notch Signaling by NKAPCD25 is probably due to the combination of maximal expression
of these genes at this stage of T cell development, coupled with
low NKAP expression and incomplete deletion. Thus, NKAP
functions as a transcriptional repressor in vivo, as demonstrated
by the potentiation of Notch target gene expression upon NKAP
deletion.
TheBlock at theDN3-to-DPTransition Is Not Due to Loss
of Pre-TCR Signaling
To further characterize the point at which NKAP deletion leads
to T cell loss, we analyzed the absolute number of DN3
(linCD44CD25+) and DN4 (linCD44CD25) T cells (Fig-
ure 7A). Interestingly, Nkapfl/oLckcre mice have 2-fold greater
absolute number of DN3 T cells (p < 0.1), and 50% fewer DN4
T cells as compared to (Lck-cre+) littermate controls (p < 0.01),
Figure 6. Potentiation of Notch Target Gene
Expression in the Absence of NKAP
DN3, DP, CD4 SP, and CD8 SP thymocytes from
WT and Nkapfl/oLckcre mice were isolated by flow
cytometry. mRNA was generated and examined
by quantitative PCR for CD25, Hes1, Deltex1,
and RIBP mRNA expression and normalized in
relation to the sorted WT population with the
lowest expression of each gene (=1). The data
shown are from two WT and three Nkapfl/oLckcre
mice, each from independent sorts and indepen-
dent Q-PCR. Error bars are SEM.
indicating that the block initiates as cells
transit from DN3 to DN4. Because Notch
signaling is required at the DN3 b-selec-
tion checkpoint, it was surprising that
Nkapfl/oLckcre mice, which have potenti-
ated Notch signaling, exhibited a DN3
block. Transition through the b-selection
checkpoint also depends on pre-TCR
signaling, and DN3 T cells can be sepa-
rated into preselection DN3a and postse-
lection DN3b cells on the basis of forward
scatter and upregulation of CD27 (Ta-
ghon et al., 2006). No defect was
observed in the proportion of DN3a and
DN3b cells in the absence of NKAP,
implying that pre-TCR signaling is intact
(Figure 7B). Pre-TCR signaling also leads
to the upregulation of intracellular TCRb
expression, as well as expression of the
activation marker CD69. Similar amounts
of intracellular TCRb chain was ex-
pressed in DN3 cells from WT and
Nkapfl/oLckcre mice (Figure 7C). Although
Nkapfl/oLckcre DN4 cells did upregulate
intracellular TCRb expression, the
percentage is lower than that observed
in WT DN4 cells (Figure 7C). Furthermore,
Nkapfl/oLckcre DN4 cells have a greater
proportion of cells expressing CD69
compared to WT (Figure 7D). Examina-
tion of cell-cycle status by DAPI demonstrated that there is
a partial defect in proliferation in DN thymocytes from Nkapfl/o
Lckcre mice as compared to WT (p < 0.01, Figure 7E). Therefore,
the block at the DN3-to-DP transition upon loss of NKAP is not
due to abrogation of pre-TCR signaling, but rather may involve
the interpretation of the pre-TCR signals because differences
are observed in proliferation and in the expression of intracellular
TCRb and CD69 in the DN4 population.
DISCUSSION
We have characterized NKAP as a transcriptional repressor that
is required for T cell development. NKAP overexpression inhibits
Notch-mediated transcriptional activation. NKAP associates
with the Skp2 promoter as demonstrated by chromatinImmunity 30, 696–707, May 22, 2009 ª2009 Elsevier Inc. 703
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Figure 7. pre-TCR Signaling Is Intact in Nkapfl/oLckcre Mice
(A) Absolute numbers of total DN3 (linCD25+c-kit or CD4CD8CD25+CD44) and DN4 (linCD25+c-kit) cells from fiveWT and threeNkapfl/oLckcre mice were
calculated, as in Figure 5D above. Error bars are SEM.
(B) Flow cytometry was performed for analysis of the percentage of cells in DN3a (linCD25+c-kitCD27medFSCmed) and DN3b populations (triangular gate,
linCD25+c-kitCD27hiFSChi). Shown is a representative plot to show gating strategy, with the average DN3b percentage calculated from three WT and four
Nkapfl/oLckcre mice also shown. Error bars are SEM.
(C and D) Flow cytometry was performed for analysis of the expression of intracellular TCRb (IC TCRb) and CD69 expression on the cell surface of DN2, DN3, and
DN4 cells. Shown is representative data from two independent experiments.
(E) Flow cytometry was performed for analysis of the cell-cycle status of IC TCRb+ and IC TCRb linDN thymocytes. Shown is a representative FACS plot indi-
cating gating strategy, with the average percent cell cycle (S+G2M) calculated from analysis of three WT and three Nkapfl/oLckcre mice. Error bars are SEM.immunoprecipitation, and T cells in which NKAP expression was
ablated had increased expression of Skp2, as well as the Notch
target genes CD25, Deltex1, and Hes1. Nkapfl/oLckcre mice
showed a block at the DN3-to-DP transition, although this block
was not due to a failure of either Notch or pre-TCR to function, as
demonstrated by potentiation of Notch target gene expression
and a normal transition from pre-b-selection DN3a to post-b-
selection DN3b. However, it has been previously shown that
this stage in T cell development requires the function of tran-
scriptional repressors and chromatin modifiers. DN3 T cells
that lack either of two generic components of corepressor
complexes, NCoR or mSin3A, or the chromatin remodelers
Brg1 or Mi-2b have blocks at this stage of development (Cowley
et al., 2005; Gebuhr et al., 2003; Jepsen et al., 2000; Williams
et al., 2004), implying that epigenetic alterations play a critical704 Immunity 30, 696–707, May 22, 2009 ª2009 Elsevier Inc.role in creating a permissive environment for the transition to
DP T cells. Although the developmental block is characterized
in all four of these gene-deleted mice, the specific dysregulated
gene(s) responsible for the phenotype has not yet been identified
in any of thesemice, and therefore we cannot determine whether
a similar mechanism is responsible for the block in T cell devel-
opment in the Nkapfl/oLckcre mice. However, although Notch
signaling is required for T cells to progress past the DN3 b-selec-
tion checkpoint, high amounts of Notch signaling can also block
T cell development (Michie et al., 2007). Rag2-deficient DN3
cells transduced with an ICN1-expressing retrovirus that coex-
presses GFP from an internal IRES site develop into DP T cells,
but only when low or medium levels of GFP-ICN1 are expressed.
In contrast, thymocytes expressing high amounts of GFP-ICN1
are developmentally arrested and do not develop into DP
Immunity
Modulation of Notch Signaling by NKAPthymocytes (Michie et al., 2007), indicating that potentiation of
Notch signaling could be in part responsible for the defect in
the Nkapfl/oLckcre mice. Additionally, NKAP could also regulate
genes outside of the Notch pathway that contribute to the
developmental block. Current work is focused on identifying
the cause of the block in T cell development in Nkapfl/oLckcre
mice.
Our data demonstrate that NKAP is a component of the Notch
corepressor complex and that loss of NKAP leads to the poten-
tiation of Notch target gene expression. Interestingly, mice defi-
cient in a different component of the Notch corepressor
complex, MINT (Msx2-interacting nuclear target protein, also
known as SHARP) have a different phenotype (Kuroda et al.,
2003; Oswald et al., 2002). MINT was originally identified as
a Notch repressor because overexpression of MINT inhibited
Notch-mediated transcription, andMINT was shown to compete
with Notch for binding to CSL (Kuroda et al., 2003; Oswald et al.,
2002). However, loss of MINT has a limited effect on T cell devel-
opment, with minimal alteration on Hes1 and Deltex1 expression
(Kuroda et al., 2003; Tsuji et al., 2007). In contrast, loss of NKAP
increased Hes1 and Deltex1 expression by 10- to 20-fold and
decreased the absolute number of DP T cells by 96%. MINT
expression was unchanged in the Nkapfl/oLckcre mice (data not
shown), indicating that MINT cannot compensate for loss of
NKAP in developing T cells. Although the effect on T cell devel-
opment is limited, MINT deficiency in B cells leads to an increase
in marginal zone B cells (Kuroda et al., 2003). Marginal zone B
cell development requires Notch2 signaling (Saito et al., 2003);
thus, the effect of MINT deficiency in lymphocytes is consistent
with enhanced Notch signaling. One possible explanation for the
different phenotypes between MINT-deficient and Nkapfl/oLckcre
micemay be that these two proteins are components of separate
and distinct Notch corepressor complexes. The enhancement in
marginal zone B cells with minimal effect on T cell development
caused by MINT deficiency is consistent with it being a specific
negative regulator of Notch2. Similarly, the strong potentiation of
Notch target gene expression during T cell development caused
by NKAP deficiency is consistent with it being a negative regu-
lator of Notch1 signaling. The effect of NKAP deficiency on B
cell development in general, and marginal zone B cell develop-
ment in particular, is being investigated.
Activating mutations in Notch-1 are a primary factor in the
development of T cell acute lymphoblastic leukemia (T-ALL).
Initially, a role for Notch-1 was identified in T-ALL tumor cells
in which a translocation resulted in the generation of a truncated,
constitutively intracellular Notch (Ellisen et al., 1991). Subse-
quently, other activating Notch-1 point mutants were isolated
in more than 50% of human primary T-ALL (Weng et al., 2004).
The importance of these Notch mutations was demonstrated
by treatment of these T-ALL with a g-secretase inhibitor to block
one of the proteolytic cleavage events that produce transcrip-
tionally active ICN, resulting in growth suppression (Weng
et al., 2004). We have shown that Notch target genes are poten-
tiated in Nkapfl/oLckcre mice, including Skp2, and that NKAP
associates with the Skp2 promoter by ChIP. Skp2, an F-box con-
taining protein that is part of the SCF E3 ubiquitin-ligase
complex, is commonly overexpressed in many human cancers,
including leukemias and lymphomas in which Skp2 overexpres-
sion correlates with a poorer prognosis (reviewed in Hershko,2008). Therefore, the possibility that Nkapfl/oLckcre mice may
develop leukemias with age as a result of upregulation of Notch
target genes, including Skp2, is being examined.
EXPERIMENTAL PROCEDURES
Retroviral Library Transduction and Selection
Ahuman leukocyte cDNA retroviral librarywaspurchased fromBDBiosciences
(Cat# HL8007BB) and retroviruses were generated according to the manufac-
turer’s instructions. Ecotropic-receptor-expressing J.REM 474 Jurkat mutant
cell lines were tranduced by spinfection for 2 hr in the presence of 8 mg/ml
polybrene. Stimulations, FACSsorting, andclonal cell isolationwereperformed
as in Greene and Shapiro (2003). The NKAP cDNA retroviral insert was identi-
fied by amplication of LI474-59 genomic DNAwith pLIB primers (BDClontech).
Flow Cytometry
Analysis of T cell development and the isolation of thymic T cell subsets were
performed as previously described (Perchonock et al., 2007).
Immunofluorescence Microscopy
Transfected NIH 3T3 cells were cultured on glass coverslips. Cells were then
fixed, permeabilized, incubated with rabbit anti-Myc (Cell Signaling Technolo-
gies), rinsed, and incubated with AlexaFluor594 Goat anti-Rabbit IgG at 1:1000
dilution. Slides were mounted with prolong Gold reagent with DAPI (Molecular
Probes). Microscopy was performed with a Leica DM IRB/E microscope and
analyzed with OpenLab.
Plasmids and Recombinant DNA
Epitope-tagged HDACs, Gal4-DBD, and Gal4-luciferase constructs were a gift
of M. Lazar. MIRR (dsRED MIGR), dnMAML, and ICN constructs were a gift of
W. Pear. CSL-luciferase construct was a gift of T. Kadesch. Full-length human
NKAP and full-length human CIR cDNA were obtained from OpenBiosystems.
NKAP truncation mutants D1 (aa 1–178), D2 (aa 179–272), D3 (aa 273–415),
DD1 (aa 178–415) and DD3 (aa 1–272) were generated by PCR amplification
that also introduced restriction sites for subcloning into pEYFPC.1, pEF6
myc/his, and pCMX-Gal.
Reporter Assays
Transient transfections in Jurkat, 293T, and NIH 3T3 cells were performed by
cotransfecting expression plasmids and SV40-Gal4-Luc for Gal4 repression
assays or CSL-Luc for Notch reporter assays. Jurkat cells were transfected
via electroporation and stimulated as previously described (Greene and Sha-
piro, 2003), whereas NIH 3T3 and 293T cells transfections were carried out
with Fugene6 (Roche) according to the manufacturer’s instructions.
Real-Time Quantitative PCR Analysis
DNA or mRNA was isolated from sorted T cell populations. cDNA generated
with Superscript II was amplified and detected with TaqMan probes (Applied
Biosystems) for NKAP, Skp2, Hes1, CD25, RIBP, and Deltex1, as well as
18S rRNA as an internal control. Primers for detecting NKAP deletion were de-
signed flanking the upstream loxP site and standardized with either primers
that amplified genomic GAPDH or Deltex1 (sequence available upon request).
An ABI RT-PCR System was used, and error was calculated via the 2-DDCT
method (Livak and Schmittgen, 2001).
Transient Transfection and Immunoprecipitation Assays
293T cells were transfected with Fugene6 reagent (Roche Applied Science)
according to the manufacturer’s protocol. Cells were lysed in 1 ml lysis buffer
consisting of PBS supplemented with 2 mM EDTA, 50 mM NaF, 1% NP40
detergent, phosphatase and protease inhibitor cocktails (Sigma), 0.2% SDS,
and 0.5% sodium deoxycholate. Lysates were incubated on ice for 15 min
and clarified in a microcentrifuge prior the addition of mouse GFP antibody
for IP (Roche Applied Science or Invitrogen). The anti-Myc and anti-GFP anti-
bodies used in immunoblotting were from Cell Signaling Technologies.Immunity 30, 696–707, May 22, 2009 ª2009 Elsevier Inc. 705
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293T cells, which contain a stably integrated Gal4-TK reporter (gift of
D. Schultz), were transfected as described above with a plasmid encoding
full-length NKAP fused to the GAL4 DNA-binding domain, a plasmid encoding
the isolated GAL4-DBD, or an empty vector. ChIPs were performed with the
EZ Chip kit (Millipore) according to the manufacturer’s protocol, with 2 mg of
anti-Gal4 (RK5C1, Santa Cruz Biotechnology). Precipitates were analyzed
by QPCR with primers flanking the Notch binding site in the human Skp2
promoter (Dohda et al., 2007). QPCR was also performed with input DNA
so that the percent recovery of the input target sequence by ChIP could be
calculated.
Generation of Floxed NKAP Mice
A targeting vector was designed with recombineering (Liu et al., 2003) to flox
exons 3 and 4 of NKAP (Figure 5A). The construct was electroporated into
R1 ES cells (a gift of R. Nagy, A. Nagy, J. Rossant, and W. Abramow-Newerly).
After selection with G418 and gancyclovir, DNA from resistant clones was di-
gested with EcoRV and screened by Southern blotting. C57Bl/6 blastocysts
were injected with a targeted clone. Chimeric males were bred to FLP1-
expressing females for generating of mice carrying a floxed NKAP allele, but
lacking the Frt’d neomycin expression cassette. Female progeny, which carry
one wild-type and one floxed NKAP allele, were bred to Lckcre transgenic male
mice (Jackson Laboratories, Lee et al., 2001). For these studies, male mice
that contain a single floxed NKAP allele (Nkapfl/o), as a result of its location
on the X chromosome, were used. Nkapfl/oLckcre mice and either littermates
or age-matched controls were examined at 8 weeks of age. All animal
work was performedwith the approval of the IACUC committees at the Univer-
sity of Pennsylvania and the Mayo Clinic, in accordance with their guidelines.
SUPPLEMENTAL DATA
Supplemental Data include one figure and can be found with this article online
at http://www.cell.com/immunity/supplemental/S1074-7613(09)00185-X.
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